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ABSTRACT 

An asymptotic analysîs of the Eberstein-Glassman kinetic 
mechanlsm for the thermal décomposition ©f hydrazine is carried 
out. It is shown that at températures near 800°K and near 1000°K, 
and for hydrazine molar fractions of the order of unity, 10' • 1 and 
10- the entire kinetics reduces to a single, overall reaction, 

Characteristic times for the çhemical relaxation of ail 
active, intermediate species produced in the décomposition, and 
for the overall reaction, are obtained. Explicit expressions 
for the overall reaction rate and stoichiometry are given as func 
tions of température, total molar concentration (or pressure) 
and hydrazine molar fraction. Approximate, patched expressions 
can then be obtained for values of température and hydrazine 
molar fraction between 750 and 1000°K, and 1 and 10"^ respec-
tively. 

RESUME 

On a développé un étude asymptotique du mécanisme cinéti­
que de Eberstein-Glassman pour la décomposition thermique de 
l'hydrazine. On montre que ce mécanisme peut se réduire à une 
reaction globale si la température est'près de 800°K ou de 
1000°K, et la fraction molaire de l'hydrazine est de l'ordre de 
l'unité, 10-1 ou 10*-2. 

Les temps caractéristiques correspondents a la relâchement 
chimique pour toutes les espèces intermédiares et pour la réac­
tion globale ont été déterminées. On a calculé aussi des expres­
sions pour la vitesse de réaction globale ainsi que la stoechio-
métrie, en function de la température, concentration molaire 
total Cou pression) et fraction molaire de lfhydrazine. Des ex­
pressions valables pour les valeurs des températures compris 
parmis 750° et 10009K et fractions molaires parmis 1 et 10" 3 

peuvent être obtenues. 
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1. INTRODUCTION 

Low thrust, monopropellant engines based on the catalytic 
décomposition of hydrazine hâve been opérâtional , for some time, 
on board spacecrafts, However, for thrusts below 0.1 lbf say,it 
is difficult to achieve reliable catalytic engines. For that 
thrust range, propulsion Systems based on hydrazine thermal decom 
position hâve been lately proposed 1-3 A bas.ic aspect of such sys 
tems is a homogenous, gas phase, complex kinetics. 

In an engine this chemical kinetics is coupled to gas dy-
namic processes, and as conséquence basic analyses of thruster 
performance become difficult, Fortunately, a single, overall re­
action (stoichiometry and reaction rate) can substitute for the 
entire kinetic mechanism, under some conditions; If ail interme-
diate radicals produced in the décomposition reach equilibrium 
with hydrazine in a time much shorter than the overall chemical 
time for transformation of hydrazine into products , radical con­
centrations become fixed functions of hydrazine concentration 
- and of température and pressure -, in the slower évolution of 
thèse variables. If then the characteristic résidence or mechan-
ical time for the engine is large compared with the radicals re­
laxation time, in particular if mechanical and overall chemical 
times are comparable, an overall kinetics may be used in the gas 
dynamics équations for the engine. 

out whet 
pare ove 
to provi 
ison wit 
expressi 
to test 
thermal 
the deta 
man1* fo 
appears 

he purpose of this paper is threefold. Firstly to find 
her indeed an overall kinetics may exist, that is , to com 
rail chemical and radicals relaxation times. Secondly 
de values for thèse times Cin order to allow later compar 
h mechanical times in engines) and to obtain analytical 
ons for overall reaction rate and stoichiometry, Finally, 
the validity of some of the kinetics proposed for the 
décomposition of hydrazine;^"11 we shall consider hère 
iled kinetic mechanism set forth by Eberstein and Glass-
r the température interval between 750 and 10Q0°K which 
to be of main importance for engine analysis. 

In a récent paper Urrutia-12 used that mechanism to obtain 
overall results for the décomposition of highly diluted hydrazine 
at températures near 1000°K. In the présent work we consider 
températures near both 800°K and 1000°K, with initial hydrazine 
molar fractions of order of unity, as would be the case in a real 
engine. In the next section, we discuss the formulation of the 
problem. In Secs. 3 and M- we présent the results for 100Q°K and 
800°K respectively. A discussion of thèse results is given in 
Sec.5 . 

2 . FORMULATION OF THE PROBLEM 

The kinetic mechanism proposed by Eberstein and Glassman 
for hydrazine décomposition involves species N2H4 , NH2 , NH , 
N2H3 , H , NH3 , N2 s Hg , (numbered 1 to 8) and ten elementary 
react ions : 
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Initiation 

1 ) N2HL> + M •> 2NH2 + M kl - 1019exp(-60000/RT) 

Propagation 

2) N2HLJ + NH2 -»• N 2H 3 + NH3 

3) N 2H 3 - f - M - > - N 2 f H 2 + H t M 

4) N 2H 4 t H -»• NH2 + NH3 

Chain branching 

5) N 2H 3 t M -»• NH + NH2 + M 

6) N 2H 4 + NH + NH2 + N 2H 3 

k2 = 1012exp(-7000/RT) 

k3 = 1013exp(-20000/RT) 

k4 = I013exp(«7000/RT) 

k5 = 1012°9exp(-18000/RT) 

k6 = 1014exp(-10000/RT) 

(1) 

Termination 

7) NH2 + N 2H 3 -»• NH3 t N2 + H2 

8) 2N2H3 -»• 2NH3 + N2 

9) N 2H 3 + H -»• N2 + 2H2 

10) 2NH2 -*• N 2H 4 

k7 

k8 

k9 

klO 

1 0 1 2 ' 5 

10 1 2 

10 1 5 

1 0 1 2 " 5 

'where ail k's are measured in ce/mole-sec. 

If w. is the rate of production (moles per unit time and 
unit volume) of the î -h species due to the a"*-" reaction, which fol 
lows from the above mechanism, the continuity équation for the 
. t h . . n . . . , , 
i species m a gênerai situation reads 

DY 

Dt 
(V.pYi 

_ M-
v , . ) = -— Ew . di p a ia 

(2) 

"where Y. , 
î ' 

ty and mola 
of the orde 
and t m a ch 
hand side c 
the i"t-n spe 
terms are o 
cal time wh 
right side 
the i"th S p e 

1/t'. where 
ci 

cies t , is 
is proauced 

v,. and M. are the i 
di i 

r mass respectîvely. 
r of Y i c/t m , Y l c bein 
aracteristic mechanica 
ontains négative terms 
cies in reactions wher 
f the order of Y^/t c i 

ich dépends on the con 
contains also positive 
cies enters as a produ 
t' . is another chemic 
ci 

so small that the spe 
so to speak -, that 

Zw . 
a ia 

mass fraction, diffusion veloci-
The left-hand side of Eq.(2) is 
g a characteristic value for Y^ 
1 or résidence time. The right-
arising from the consumption of 

e it enters as a reactant; such 
(n=l or 2) where t c^ is a chemi-
centrations of other species. The 
terms due to the reactions where 

et; they are of the order of 
al time. For a very active spe­
cies is consumed as soon as it 
is , 

0 (3) 

373-3 



Y. being very small. Equations (3) then provide expressions for 
Y.» 9 for ail active species, as functions of reactants and main 
products. This éliminâtes the active species of the main évolu­
tion of the reaction and leads to simplified kinetics. In the 
présent problem we expect species 2 to 5 to be very active in the 
above sensé, so that an overall reaction would resuit; 

N2Hit-*-aNH3 + 0N2 + yH2 , r^\ 

et = 2(1-0) , y = 30 - 1, 

To find out whether radicals NH2 9 NH , N2H3 and H are indeed very 
active, and to détermine the values of the various chemical tiraes, 
of 0 (and thus of the heat of reaction), and of the overall reac­
tion rate, it is then simplest to consider a constant volume and 
température, spatially uniform, hydrazine décomposition process, 
Equations (2) then become 

de. 
— = Ew. C5) 

dt a ±a, 

w h e r e c . = p Y ^ / M . i s t h e i m o l a r c o n c e n t r a t i o n . E s p e c i f i c a l l y 
we h â v e 

d c 1 

d t 

d c 2 

"dt" " 

d e 3 

d t 

dct,. 

d t 

d e 5 

d t 

= - k i c c ! - k 2 c 1 c 2 - k i ^ c ^ s - ^ ^ 0 3 + k 1 0 c 2
2 

= 2 k i c c i ~ k 2 c i c 2 + k i + c i C 5 + k5CCt t + kg c 1 c 3 

- k 7 c 2 c t t - 2 k 1 0 c 2
2 

= k 5 c c t + - k 6 c 1 c 3 

= k 2 c i c 2 - k3CC( t - k s c c ^ + k 6 C ^ C 3 - k y c 2 c i + 

~ 2 k 8 c t t
2 - k g c t t c 5 ( 5 ' ) 

= k3cct , . - k ^ c ^ c s - k g c ^ c s 

d c 6 

- r - = k 2 c i c 2 + k ^ c ^ c s + k y c 2 c t t + 2 k g c i t 
2 

d e y 

I t -

d c 8 

2 l<3CCtt + kyC2Ct t t k g c ^ + k g C ^ C s 

—— = k 3 c c i + + k 7 C 2 c i + + 2 k g c t t C 5 » 

Equations (5f) are to be solved under initial conditions 
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(6) 

c . Ct = Q ) = 0 

It may be no 
and H2 enter only as 
the firgt five equat 
A further essential 
several orders of ma 
This allows the use 
ly a multiple time-s 
al and ordering the 
a small number e , e 
tial équations for c 
ly by letting e form 
analysis it must be 
terras only, 

w not 
prod 
ions 
simpl 
gnitu 
of a 
cale 
ternis 
quai 
1 s c 

ally 
set e 

iced 
uct s 
in C 
if ic 
de , 
Csin 
anal 
in 

to 1 

2 • ' 
gO t 
quai 

that 
in t 

5' ) a 
at ion 
exist 
gular 
ysis , 
their 
Q'2 s 
• c5 

0 zer 
to 1 

, du 
he E 
re d 
ari 

ing 
) pe 
by 
rig 

ay. 
may 
o Ca 
Q' ) 

e to 
berst 
ecoup 
ses f 
betwe 
rturb 
makin 
ht-ha 
The 

then 
lthou 
and 

the fact that NH3 , N2 

ein-Glassman mechanism, 
led from the last three. 
rom the différences, of 
en many rate constants, 
ation method, essential 
g Eqs C5') nondimension 
nd sides in powers of 
five ordinary differen-
be solved asymptotical-
gh at the end of the 
retaining dominant 

spec 
evol 
thos 
suce 
at e 
five 
the 
domi 
some 
and 
and 
temp 

How 
ies con 
ves, it 
e equa,t 
e ss ive 
ach sta 
Eqs C5 

re suit s 
nant te 
elemen 

therefo 
charact 
erature 

e ver 
cent 
is 

ions 
stag 
ge . 
' ) 
f ro 

rms . 
tary 
re t 
er o 

, since the r 
rati 
clea 

ch 
e s ? 
One 

star 
m th 

It 
rea 

he s 
f th 

.ons , and 
r that th 
anges wit 
différent 
then pro 

ting from 
e previou 
should b 

étions in 
élection 
e time st 

ate constants appear multiplying some 
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ceeds integrating in time the first 
conditions C6 ) , and at each new stage 

s stage allow to détermine the new 
e noticed that the rate constants of 
crease steeply from 750°K to 1000°K 
of dominant ternis, and thus the number 
âges, will be clearly dépendent on 

In the next two sections we give the results of such an 
asymptotic analysis for températures around 1Q00°K and 800°K, Spe-
cifically, we give the characteristic Cchemical) times and behav-
iour of the différent stages found, and explicit formulae for |3 
and dc^/dt as functions of cj , T and P Cpressure). 

3. TEMPERATURE NEAR 1Q0Q°K 

For T ~ 100Q°K and c&= Q Cl 1 five stages are found in the 
décomposition, The first four stages correspond to chemical re­
laxation of species NH2 NH N2H3 and H. Transformation of hy-
drazine into NH3 , N2 and H2 takes place in a fifth, much slower 
stage. Thus, at T= 1Q00°K, the Eberstein-Glassman mechanism leads 
to the existence of an overall kinetics, 

There is first a stage with a characteristic time of the 
order of (.10 /P) sec - where P is measured in atmosphères -, in 
which NH relaxes to equilibrium through reactions 5 and 6, reach-
ing a quasi-steady state. Next, there occurs relaxation of H 
through rejetions 3 and 4-, in a time of the order of (10 ™6/P ) sec. 
Then, in a time of the order of ClQ~5/P) sec, NH2 relaxes through 
rejetions 1 and 2. Finally? fgr times of the order of ClO_I+/P ) sec, 
.N2B3 cornes to equilibrium in reactions 2, 3, 5, 6, 8 and 9; simul-
ta,neously, reaction 4 becomes negligible and reactions 5 and 6 
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come into play in the quasi-steady state of NH2 

Hydrazine décomposes in a much larger time, of the order 
of (10_I/P) sec, through reactions 1, 2 and 6; we thus hâve 

de 1 
kxcc! - k 2c 1c 2 - k 6c 1c 3 (7) 

dt 1 

At this stage, from the preceding results, we also hâve 

0 = w 2
 = 2kicci - k2clc2 + ksccij + kgCiC3 

0 - w3 - k5ccit - k 6c 1c 3 

2 
0 = wi, - !<2CiC2 - l<3ccit - k 5 c c it + k g c 1 c 3 - 2 k g c ̂  - k g c ̂  c 5 

0 - W5 - k3ccit - kgC^Cs. 

Using C8 ) in C_7 } we then find an explicit expression for the over­
all rate of décomposition of hydrazine, wj , as function of ci , T 
and c , or alternatively cl , T and P (c =P/RT), 

(8) 

de 

dt «1 = 3k1cci 1 + 
1 + Çl + 2<jQ 

1/2 

Cl- k3/k5)<|> 

where 

= -3 
k5 

T7 Ck5-k3) c 2~ 1 +(l + 2<j))1/2 + U - k 3 / k 5 H 

_ 10^exP(- ^ 2 } c ^ lS \ 2 * )
1 / 2

 + 0.5H 

2k!k8 

(k 5-k 3)
: 

ci 

RT 

. A 

1,1 x 106exp (- 2M-000-
RT -

ci 

(9) 

(10) 

We also find 

c2 c3 c^ c5 

= 0(10-4) , — = 0(10-6) , = 0(10-3) , = 0(10~6) . (11) 
c e c c 

In an engine we would then use wi in 

DY-

Dt 
V.(pYivdl) 

Ml _ 
w 
1 

According to (M-) the overall rates of production of NH3 , N2 and 
H2 would be 

w6 
-2(l-p)wi w- pwi - -Oe-Dwx . C12) 
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The dominant reactions in the productions of thèse species are 
found to be 2 and 8; 3 S 8 and 9; and 3 and 9, respectively, Hence, 
we finally arrive at 

l + k 3 / k 5 1 + ( l + 2 < j ) ) 1 / 2 + ( k 5 - k 3 ) < j ) / ( k 5 + k 3 ) 

1 + ( l + 2<j) ) 
1 / 2 

+ ( l - k 3 / k 5 ) <j> 

1 + ( 1 + 2 < j > ) 1 / 2 + 0 .37<j> 
= 0 . 4 9 

1 + ( 1 + 2 < j ) ) 1 / 2 + 0 . 54<j> 
( 1 3 ) 

Equation (13) leads to overall rates of production of NH3 , N2 and 
H 2 5 and overall heat of décomposition, to be used in the anaysis 
of a real hydrazine engine. 

Euat 
sing 

106m 
N 2 H 3 

The preceding results are valid as long as c1/= 0(1), 
ions (8) show however that as cj+ 0 , both c 2 anfl C3 become 
ular as 1/cj , and the analysis needs modification. For 
0 ( 1 0 _ 1 ) 5 reaction 1 may be neglected , while reactions 7 and 

ust be taken into account, the quasi-steady state of NH 2 and 
being modified. We obtain 

= - 3 (k,-k3)( 1 + 
k 7(3k 5-k 3) c 

k,k 2*8 
cl 

+ 4 
^3*5*10 

k2k, 

10 1 4exp 
36000-

RT -
1 + 64exp (• 

11000 
RT 

\ c . „3 r 24000^ c 

1+ k 3/k 5 1+ 2k 7(3k 5-k 3) c / k 2 k 8 ( l + k 3 / k 5 ) c1 

3 ~~~ ï"+ k"7(3k5-k3) c /k"J]<8 ci 

( 1 4 ) 

0 . 49 
1 + 8 7 e x p ( - 1 1 0 0 0 / R T ) c / c 1 

1 + 6 4 e x p ( - l l 0 0 0 / R T ) c / c 1 

(15) 

c 2 
= 0(10" 3) , 0(10~ 5) 

ch 
0(10~ 3) 

c5 
0 ( 10 " 6 ) . 

(16) 

Both c 2 and c 3 pass through a large maximum in this range of values 
of ci, and the characteristic time for the overall reaction is now 
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much shorter , (10~2/P)sec. 

For cj/= 0(10""2), the overall kinetics changes again. Reac 
tions 7 and 8 may now be neglected, while reaction 1 must again 
be taken into account. The overall reaction time is again 
(10-1/P)sec. We obtain 

^ = o ( i o - M , ~ = 0 ( 1 0 ~ 6 ) , 
c 4 
c 0 ( 1 0 ~ 5 ) , 

C 5 
= 0 ( 1 0 ~ 6 ) ( 1 7 ) 

2 / 3 ( 1 8 ) 

3 k o 2 

w i = - -
4 k 1 0 

) 2 1 
1 + {1 

î e k ^ i o k g 2 _ c _ i 1 / 2 

k 2 ( k R - k Q ) 2 

1 

•10 11 ;xp ( -
1 2 0 0 0 ^ 2 1 

RT 
1 2 i 
i C l 2 1 + { l t 2 . 7 x 1 0 9 e x p (-

5 0 0 0 ( K c 
RT • ) — } ' c i ' 

1 / 2 
, ( 1 9 ) 

It may be noticed that the limits of (9) and (14), for 
decreasing cj/c and c/cj respectively, match each other smoothly 
as they should. Similarly the limits of (14) and (19), for de­
creasing cj/c and c/ci respectively, match smoothly too. Similar 
statements may be made about (13) and (15), and (15) and (18). 
The results in (18) and (19) agrée with those given by Urrutia in 
Réf.12 for ci/c = 0(10- 2K 

de-
time 
and 

4. TEMPERATURE NEAR, 800°K 
— , — — « J.,.1-.. , . ! • , , , — „ — , — _ 

For T * 800°K and c^ = 0(1) we find four stages in the 
composition. First, NH and H reach a quasi-steady state in a 
of the order of (10~6/P)sec, through reactions 5 and 6, and 3 
4, respectively. Next, in a time of the order of (10"5/P)sec, 
NH2 cornes to a quasi-steady state through reactions 1 and 2. That 
state is modified by reactions 4, 5 and 6 in a third stage, whose 
characteristic time is (10 /P)sec. Simultaneously there is expo 
nential growth of N2H4, leading to a quasi-steady state through 
reactions 2, 3, 5, 6, 8 and 9, while reaction 8 modifies the equ_i 
librium of H. 

Transformation of hydrazine into products proceeds in a 
(10/P)sec time scale through reactions 2, 4 and 6; in this final 
stage reaction 1 may be neglected. The results for the overall 
reaction are 

C3 

c 

C 9 c c 3 T C 4 1. c 5 n 

— = . o ( i o - 6 ) , — = 0 ( 1 0 " 7 ) 5 — = o ( i o - 4 ) , — = 0 ( 1 0 ~ 7 ) 
C4 

c 
C5 

c 
( 2 0 ) 
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D 3 ^ 3 k 5 ( k 5 - k 3 ) ^ 8 H 01^ J 

H O H o li+ r 36000- , 2 • 1 . 2 x l o 1 4 e x p ( - ^ r ~ J c z 

RT 
1 + 0 . 8{ 1 + 5 . 1 x 1 0 2 e x p (• 11000-) c 

RT ' c )^-} 

( 2 1 ) 

1 + k 3 / k 5 
1 + 

2 k 3 / 3 k 5 

1 + k 9 ( k 5 - - k 3 ) c / k i + k 8 c >+K8cl 

- 1 

= 0 . 4 5 1 + 
0 . 24 

1 + 5 . 1 x 1 0 2 e x p ( " 1 1 0 0 0 / R T ) c / c 1 

(22) 

When ci •+ 0 , the overall kinetlcs changes because C2 and c3. 
become singular. For cJ= 0(10 _ 1) reaction 7 must be taken into a£ 
count, while reaction 4'may be neglected. We arrive at ~~ 

11 
c 

fit 
c 

= o(io- 5), — = 0(10" 5), ~ = 0(10"M, — = 0(10~ 7), c_5 
c 

(23) 

wi 
k 5 , 
k 8 

5- k 3)c
2 1 + 

k 7(3k 5-k 3) c 
-i -1 

kok 2*8 
cl 

. „ „,nli, r 36000-1 2 
•1.2 x l O ^ e x p l - -%$ Je 

-i -1 

1 + 66exp (-
11000 
RT ci 

(24) 

1 + k 3/k 5 1+ 2k 7(3k 5-k 3)c/k2
k8( 1 + k3/k5)c 1 

"1 + k 7(3k 5-k 3)c/k 2k 8 C l 

0 . 45 
1 + 9 7 e x p ( - 1 1 0 0 0 / R T ) c / c 1 

1 + 6 6 e x p ( - 1 1 0 0 0 / R T ) c / c i 
(25) 

As in the 1000°K case, both c 2 and c 3 pass through a large 
maximum in this range of values of cj , and the overall characteris_ 
tic time decreases sharply, to a (1/P)sec value. 
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For c i,( = 0(10~ 2), reaction 8 may be neglected but reac-
1L. 

tion 10 must be taken into account 
again (10/P)sec. We also find 

The overall reaction time is 

2 / 3 ( 2 6 ) 

k 5 

k~8 
3 _ ( k 5 - k 3 ) c 2 

k 7 ( 3 k 5 - k 3 ) c 

k 9 k 2 * 8 c i 
+ 4-

k 3 k 5 k l 0 

K 2 k 8 c"2" 

- 1 . 8 x 1 0 1 2 e s p (• 
2 5 0 0 0 

RT 
• ) cc ! 1 + 1 5 e x p (• 1 3 0 0 0 ' 

RT - c i 
( 2 7 ) 

c 2 R c 3 c o i. 5 c 5 7 

— = o ( i o " 5 ) , ~ = 0(10 6 ) , - £ = o ( i o ~ 5 ) , - f = o ( i o - 7 ) L3 

c 
c 

( 2 8 ) 

Notice again the smooth matching of Eqs . (21), (24-) and (27), and 
(22), (25) and (26). 

CONCLUSION 
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Using an asymptotic analysis based on large 
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that the Eberstein-Glassman mechanism for the 
on of hydrazine leads to an overall kinetics a 
00°K and near 1000°K: Relaxation of the active 
g in the decomposition occurs in several stage 
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erall process of decomposition. This last tim 
of (10~l/P)sec ("the pressure P being measured 
) for temperature, T, near 1000°K, and hydrazin 
cj/c, of the order of either unity or 10 - 2; th 
P)sec for cj/c =0(10 _ 1). For given cj/c betwe 
0(10~ 2), the overall time at T=800°K is abou 
than the overall time at 1000°K. 
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thermal decom 
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radicals ap-
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We have found explicit expressions (see Sees. 3 and 4-) for 
the rate of decomposition of hydrazine |w^|, and the stoichiometric 
coefficient 39 in the overall reaction 

NzH^ + 2Cl-3)NH3 + 3N2 t C33-1)H2. 

Once 3 is known, the heat of decomposition can be found from ther­
modynamic tables. At either 800 or 1000°K the expressions for wj 
(and 3) change in form when c^/c decreases from unity down to 
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values 0(10_1) and 0(10~ 2); we have shown however that the 
expressions for the different ranges of cj/c match smoothly, 
Furthermore, it may be verified that for given 0(ci/c), the ex­
pressions for w"i (and g) at T - 800°K and T - 1000°K match smooth 
ly each other at intermediate temperatures * . Thus it is possible 
to write down patched formulae for wj and 3 , valid for, say, 
750°K < T < 1050°K and 1 >_ c\/c > 10™3. It should be noticed 
however that such formulae are quite complex and involve errors of 
the order of 10 or 20%. 

We are presently evaluating the extent of the validity 
of the Eberstein-Glassman mechanism taking into account, in par­
ticular, that reaction 1 is quasi-unimolecular , reaction 10 being 
the low-pressure limit of its inverse. We have already verified 
that the inverse reactions of reactions 2-9 may be neglected, 
except possibly in the case of reaction 5. 
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